Abstract: Calypogeia azurea, a widespread, subboreal-montane liverwort species, is one of a few representatives of the Ca lypogeia genus that are characterized by the occurrence of blue oil bodies. The aim of the study was to investigate the genetic variation and population structure of C. azurea originating from different parts of its distribution range (Europe and North America). Plants of C. azurea were compared with C. peruviana, another Calypogeia species with blue oil bodies. In general, 339 gametophytes from 15 populations of C. azurea were examined. Total gene diversity (H T ) estimated on the basis of nine isozyme loci of C. azurea at the species level was 0.201. The mean Nei's genetic distance between European populations was equal to 0.083, whereas the mean genetic distance between populations originating from Europe and North America was 0.413. The analysis of molecular variance (AMOVA) showed that 69% of C. azurea genetic variation was distributed among regions (Europe and North America), 15% -among populations within regions, and 16% -within populations. Our study revealed that C. azurea showed genetic diversity within its geographic distribution. All examined samples classified as C. azurea differed in respect of isozyme patterns from C. peruviana.
Introduction
Calypogeia Raddi is a large genus of leafy liverworts with about 90 described species (Schuster 1969) . The presence of oil bodies, their color, shape and pattern of distribution in cells of the leaf and underleaf are among the most important taxonomic features of this genus (Buch 1935) . Calypogeia azurea Stotler & Crotz is one of a few species that are characterized by blue oil bodies (Müller 1957; Schuster 1969; Yang & Lin 2009 ). In Europe, however, C. azurea is the only species of blue oil bodies, which allows unequivocal identification of living plants. Calypogeia azurea is monoecious, mainly autoicous, often fertile species. This species has a wide range of geographical distribution throughout the northern hemisphere. It occurs in North America, Europe and Asia and is regarded as subboreal-montane species (Müller 1957; Schuster 1969; Paton 1999; Damsholt 2002) . In Central Europe, it is scattered and rare in lowlands, e.g., in Germany (Müller 1957) or Poland, where it is very rare and restricted to the northeastern part of the country, while in the mountains -it is widespread and grows from low elevations to the alpine zone (Szweykowski 2006) . In North America, C. azurea is also rare and co-occurs with C. peruviana Ness & Mont. -another species with blue oil bodies. These two species, however, differ in their distribution ranges, as well as in some morphological characters (Schuster 1969) .
Calypogeia azurea is characterized by a high variability of morphological features (Schuster 1969) . It is a relatively large species of the Calypogeia genus, and plants can reach up to 5 cm in length and the width of leafy shoots range from 915-3753 µm, on average 2000 µm. Leaves are broadly cordate, usually wider than long (Buczkowska 2004a) . High morphological variability of C. azurea can be associated with its wide ecological tolerance. It occurs in a variety of habitats, from acidic to mildly alkaline, e.g., on loamy soil, humus, peat, wet stones and rocks or, rarely, on rotten logs Biodiv. Res. Conserv. 42: 19-26, 2016 VARIABILITY, TAXONOMY AND PHYLOGENY (Müller 1957; Schuster 1969; Paton 1999) . Szweykowski & Krzakowa (1990) showed that C. azurea is one of the best characterized in terms of peroxidase phenotypes species of the Calypogeia genus occurring in Poland. Further isozyme and cytological research revealed that C. azurea, species with n = 18 chromosome number, is of allopolyploid origin (Buczkowska et al. 2004) .
Our knowledge of liverworts genetic variability, in comparison with higher plants, is still limited and concerns, mainly, thallose liverworts (Shaw 2009). Genetic variation and population structure is known only in a few species of leafy liverworts e.g. Plagiochila aspleni oides, P. porelloides (Zieliński & Wachowiak-Zielińska 1994) , Porella baueri (Boisselier-Dubayle et al. 1998) , P. platyphylla (Wyatt et al. 2005) , Ptilidium pulcher rimum, P. ciliare (Adamczak et al. 2005) . Recently, our knowledge of leafy liverworts genetic variation was enlarged by Bączkiewicz (2012) , who examined eight other species and compared genetic diversity of were examined, with the exception of the US populations represented by one patch (Table 1) . From each patch (approximately of 100 cm 2 ), 4-5 gametophytes (shoots) were analyzed, in general 339 gametophytes of C. azurea. Plants were initially determined on the basis of morphological traits and oil body characters (Müller 1957; Schuster 1969) . Two samples (20 gametophytes) of C. peruviana, another Calypogeia species with blue oil bodies, were used for comparison as a reference species.
Isozyme electrophoresis
Individual gametophytes were examined in respect of the following enzyme systems: GOT (E.C. 2.6.1.1), GDH (E.C. 1.4.1.2), EST (E.C. 3.1.1.-), PGI (E.C. 1.1.1.94), MDH (E.C. 1.1.1.37), PGD (E.C. 1.1.1.44) and PGM (E.C. 5.4.2.2). Electrophoretic separation of isozymes was conducted according to the procedure described by Wendel & Weeden (1989) . Details of cell extract preparation and buffer systems used are included in Buczkowska & Bączkiewicz (2011) . Detected alleles were labeled in accordance with previous studies of Calypogeia (Buczkowska et al. 2004; Buczkowska 2004b; Buczkowska & Bączkiewicz 2011 ).
Data analysis
Data for isozyme loci were analyzed using . To investigate the genetic structure of populations, an analysis of molecular variance (AMOVA) was done. The level of genetic differentiation between populations was estimated using Φ statistic (an analogue to F ST ) and Nei's (1978) genetic distance (D) and genetic identity (I) between populations. meGa 6.06 (Tamura et al. 2013) was used to construct an UPGMA dendrogram. Because C. azurea is an allopolyploid species, genetic distances were computed in the same way as for C. sphagnicola (Buczkowska et al. 2012) , i.e. genotypes of the haploid form were treated as homozygotes of the diploid data format, and codominant options of GenaLeX were used.
Genetic variability parameters were calculated only for the C. azurea population as C. peruviana was represented only by 2 samples and, therefore, it was used merely as a reference species to show that plants of C. azurea from North America with different isozyme patterns from the European plants were not confused with C. peruviana.
Results
In seven enzyme systems, nine loci were resolved in the studied C. azurea populations. Of the 9 analyzed loci, only one (GDH) was monomorphic in all studied populations. Three populations (two from Bieszczady Mts., and one from the USA) were monomorphic (Table 2) . Altogether, 19 different genotypes (G) were detected in the total studied sample of 339 gametophytes, giving the proportion of distinguishable genotypes (G/N) as Biodiv. Res. Conserv. 42: 19-26, 2016 (Table 2) . Gene diversity (H S ) within the C. azurea populations ranged from 0.00 to 0.195, with a mean of 0.061. Genetic variation of populations from the Tatra Mts. was higher than in the lowland population and those originating from the Bieszczady and Beskid Sądecki Mts. (Table 2 ). The total gene diversity (H T ) based on allelic frequencies based on polymorphic loci over all populations exhibited the value of 0.201. The molecular variance analysis (AMOVA) conducted for the C. azurea revealed that most of the genetic variation (69%) was present among regions (Europe and North America), only 15% of molecular variation was distributed among studied populations within regions, whereas variation within populations accounted for 16% of the total variation. The coefficients of genetic differentiation among regions (Φ RT =0.695), among populations within regions (Φ PR =0.486), and within populations (Φ PT =0.843) were statistically significant (P<0.001) ( Table 3 ). Both populations from North America were genetically different from plants occurring in Poland. At three loci, genotypes detected in plants originating from the USA were not observed in populations from Poland: Got -genotype 11, Est1 -genotypes 44, and 13, Pgm -genotype 15, thus they can be regarded as markers, which distinguish the European and American populations (Fig. 1) . On the other hand, European and American plants did not Explanations: A -Φ PT (analogous to F ST ) = variation among populations divided by total variation, B -Φ RT = variation among regions divided by total variation; Φ PR = variation among populations within regions divided by the sum of variation among populations within regions and variation within populations; Φ PT = the sum of variation among regions and variation among populations divided by total variation; *** -P≤ 0.001 Conserv. 42: 19-26, 2016 differ in terms of color and structure of oil bodies. All the studied plants had blue and composed of several large and distinct globules oil bodies, which were characteristic for C. azurea (Fig. 2) . All samples of C. azurea differed in isozyme pattern from the examined samples of C. peruviana used in this study as a reference species. Genetic distances (D) between Polish populations ranged from 0.0 to 0.279 and genetic identity (I) from 0.756 to 1.00 (Table 4 ). The mean genetic distance and identity between these populations were equal to 0.083 and 0.924, respectively. Among the Polish population, the most genetically distinct was the 6-TCS population from the Tatra Mts. (Czarny Staw Polski) and populations from Gorce (11-GDK) and Beskid Sądecki (12-BSP and 13-BSB). These populations formed distinct clusters on the dendrogram constructed based on genetic distances (Fig. 3) . The values of genetic distances among European and American populations were higher and ranged from 0.242 to 0.655, with a mean of 0.413. The populations 14 and 15 from the USA were genetically distinct from the other studied populations (Table 4 , Fig. 3 ).
Discussion
The results of the present isozyme study revealed that C. azurea shows genetic diversity within its geographic distribution. The C. azurea genetic variation at the population level estimated on the basis of nine isozyme loci (H S =0.061) was low and close to the value found in other studied species of the Calypogeia genus, e.g., C. integristipulla (Bączkiewicz 2012), C. fissa (Buczkowska 2004b) and lower than in Ptilidium pulcherrimum or P. ciliare (Adamczak et al. 2005) . The genetic variation of C. azurea was close to the mean value of genetic variation for liverworts reported by Shaw (2000) Our results seem to support the hypothesis of Szweykowski & Krzakowa (1990) , which assumes genetic differences between C. azurea occurring in Europe and North America, based on differences in distribution pattern of oil bodies in leaf cells. The American plants had characteristic blue oil bodies and also did not differ from typical plants of C. azurea in terms of morphological features. Thus, the observed genetic diversity may be another case of cryptic speciation within this widespread liverwort species. We realize that our results were obtained from a small sample size of C. azurea from the North American part of distribution and should be considered as preliminary results. Nevertheless, this finding indicates an important phenomenon in the evolution of Calypogeia species. Further studies need be undertaken in order to recognize the range of genetic variability of this widely distributed in Holarctis species. Schuster (1969) stressed that, in some regions in North America, C. azurea can be difficult to distinguish
